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Bioenergy production from switchgrass has shown promise in restoring degraded 
soils and helping to mitigate greenhouse gas (GHG) emissions.  CO2 loss and C-
sequestration in soils are important topics for research to better understand the 
environmental impacts of bioenergy crops. The need for more thorough research of the 
carbon cycle in soils used for bioenergy production precipitated the primary interest of 
this study. The specific objectives of this study  were  1) to measure SOC under 
switchgrass production in order to predict storage of carbon in soils based on previous 
cropping history, land management, soil physical characteristics, and time; and to  2) 
measure soil CO2 flux through the entire year to establish a) the annual, seasonal, and 
daily respiration rates, and b) use this data with soil carbon data to better understand the 
carbon life cycle in soils under switchgrass production in East Tennessee.   
Chapter 1 of the study was conducted on twelve farms across East Tennessee. 
Seven previous different cropping systems, four soil textural classes, and four soil 
taxonomy classes are represented in this study. There was an increase in SOC of roughly 
1 Mg ha
-1
 from 2008 to 2011. No-till planting resulted in a significant increase in SOC 
compared to conventional tillage planting resulting in no significant changes in SOC. 
Chapter 2 results as hypothesized, soil temperature and moisture had a significant 
influence on CO2 flux variance. Soil temperature and soil moisture were able to explain 
83% and 81.5% of variance in flux from clumps (cover) and between clumps (bare) 
respectively. The summer months exhibited the highest flux rate followed by spring, fall, 
and finally winter. Although largely overlooked in previous research, the winter months 








) from clumps (cover) 








) from between clumps (bare). 
Annual switchgrass flux rate was 7.39 MgCO2 ha
-1
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 According to the EPA (2011), CO2 is the primary greenhouse gas (GHG) emitted 
from anthropogenic sources, accounting for 83% of the total GHG emissions. Of that 
percentage, 94.6% comes from fossil fuel combustion (USEPA, 2011). From 1990 to 
2009 total emissions from the energy and agriculture sector grew by 463.3 TgCO2-Eq 
(9%) and 35.7 TgCO2-Eq (9%) respectively (USEPA, 2011). C-sequestration increased 
from land use management by 17% totaling 143.5 TgCO2-Eq (USEPA, 2011).  The EPA 
estimates that 10 to 25% of current GHG emission could be offset through forestry and 
agriculture actions (2010). One action the EPA suggests is bioenergy production 
(USEPA, 2010).  
Increasing national and international concerns regarding climate change, and the 
push to meet the goal of replacing 30% of fossil fuels with biofuels by 2030 has created 
an increasing need for research relevant to the environmental implications of growing 
bioenergy crops (Blanco-Canqui, 2010; Follett, 2010).  The United States is trying to 
implement policy based on sound science regarding biofuels. Oak Ridge National 
Laboratory (ORNL), the Roundtable on Sustainable Biofuels (RSB, 2010), U.S. Biomass 
Research and Development Board, Global Bioenergy Partnership (GBEP, 2010), and the 
Council on Sustainable Biomass Production (CSBP, 2010) are all working to develop 
sustainability indicators so sound policies regarding biofuel production can be 
implemented around the world (McBride et al., 2011). Thus far, nineteen indicators in six 
categories have been chosen to assess sustainability of biofuels (McBride et al., 2011). 
This paper addresses the categories of soil quality and greenhouse gases from switchgrass 
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biofuel production. Previous research in the past few decades has focused on bioenergy 
production in the hopes of achieving higher biomass generation for biofuel production. 
Research regarding soil environmental consequences from bioenergy crops is incomplete 
on both a local and national level. 
Bioenergy feedstocks are any plant material that can be used to produce 
bioenergy. These crops are chosen by their capacity to produce large volumes of biomass, 
high energy potential, and can be grown in marginal soils (Lemus and Lal, 2005). Several 
crops stand out as potential bioenergy feedstock including corn, switchgrass, hybrid 
poplar, willows, high-diversity grasslands, and soybeans (Groom et al., 2008; 
McLaughlin and Kszos, 2005). Currently corn is the primary supply of biofuels in the 
United States; however questions regarding water requirements and fertilizer inputs may 






Figure 0.1 Distribution of switchgrass production - (Panicum virgatum L. 
switchgrass, USDA Plants Profile) 
 
Since 1978, The Bioenergy Feedstock Development Program (BFDP), initiated at 
ORNL under The Department of Energy (DOE) sponsorship, has researched a vast array 
of potential bioenergy feedstock (McLaughlin and Kszos, 2005). The focus of the 
program has been to find the most promising bioenergy feedstock based on productivity 
levels, intensity and type of management requirements, environmental attributes, and 
potential economic returns to the producers (McLaughlin and Kszos, 2005).  The BFDP 
chose switchgrass as one of the most promising potential feedstock for bioenergy 
production (McLaughlin and Kszos, 2005). The characteristics of switchgrass that led to 
this emphasis were the high levels of productivity compared with other species, its 
perennial nature that reduces management intensity and input needs, its ability to protect 
against erosion and restore soil carbon, wildlife habitat, its adaptability to poor soil, and 
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farmers’ familiarity with the production of grasses (McLaughlin and Kszos, 2005). 
Because of the potential of biofuel production from switchgrass and the high yield 
potential in the Southeastern United States, it commands the research initiative in regard 
to the soil system and carbon dynamics related to its production. Current research calls 
for a systematic assessment of the roles of bioenergy crops in the C-cycle for evaluating 
the potential of SOC sequestration (Lemus and Lal, 2005). This study was directed to fill 
some of the information gaps in soil carbon dynamics under switchgrass used for 
bioenergy feedstock. 
The primary benefit of growing bioenergy crops on marginal soils is to protect the 
soils from erosion and rebuild the nutrient stores, while not displacing fertile soil used for 
growing food (McLaughlin and Kszos, 2005). Marginal soils result from long term 
cultivation or mine disturbance. Three major causes of soil degradation are deforestation 
(29.4%), overgrazing (34.5%), and intensive agriculture (28.1%) (Lemus and Lal, 2005). 
The United States has 10.8 Mha of severely eroded soils that could benefit from growing 
bioenergy crops (Lemus and Lal, 2005). In Tennessee there are 168,100 ha of severely 
eroded land and 83,500 ha of mined land equaling 2.31% of total land in Tennessee that 
can potentially be restored by producing bioenergy feedstock (Lal, 2004). Soils in the 
southeastern region have a high potential for SOC sequestration due to their low SOC 
content from long term cropping and high temperature and precipitation (Tolbert et al., 
2002).  
Goals 
  The specific objectives of this study  were  1) to measure SOC under switchgrass 
production in order to predict storage of carbon in soils based on previous cropping 
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history, land management, soil physical characteristics, and time; and to  2) measure soil 
CO2 flux through the entire year to establish a) the annual, seasonal, and daily respiration 
rates, and b) use this data with previous research to compare switchgrass production in 
East Tennessee to other cropping systems across different climate zones.   
Hypotheses 
The hypothesis for objective (1) was that deep carbon storage from roots would 
be the most significant contributor to SOC, to a greater degree in the Southeastern United 
States than in other climates because the Southeastern climate region is well suited for 
high switchgrass yield. The second hypothesis for objective (1) regarding SOC storage 
was that historically disturbance from tillage would lead to a greater increase in SOC 
storage over time than those soils that had little disturbance. This hypothesis is based on 
research that indicated SOC decreases with disturbance from management like tillage 
which exposes soil organic matter (SOM) to microbes in an enriched oxygen 
environment resulting in the rapid decomposition of SOC in the lower soil profile. Due to 
the lower overall SOC content in these systems, a more rapid and dramatic increase in 
SOC is hypothesized when moving to a perennial system where SOM is not incorporated 
via tillage and harvest results in little soil disturbance. The hypothesis for objective (2) 
regarding CO2 flux was that temperature and moisture would be the most influential 
factors affecting soil respiration, which is of particular interest in the humid subtropical 






Blanco-Canqui, H., 2010. Energy Crops and Their Implications on Soil and Environment. 
Agron J 102, 403-419. 
Dale V.H., Kline K.L., Wright L.L., Perlack R.D., Downing M., Graham R.L. (2011) 
Interactions among bioenergy feedstock choices, landscape dynamics, and land 
use. Ecological Applications 21:1039-1054. 
Follett, R.F., 2010. Symposium: Soil Carbon Sequestration and Greenhouse Gas 
Mitigation. Soil Sci Soc Am J 74, 345-346. 
Groom, M.J., Gray, E.M., Townsend, P.A., 2008. Biofuels and biodiversity: Principles 
for creating better policies for biofuel production. Conservation Biology 22, 602-
609. 
Lal, R., 2004. Soil carbon sequestration impacts on global climate change and food 
security. Science 304, 1623-1627. 
Lemus, R., Lal, R., 2005. Bioenergy crops and carbon sequestration. Crit Rev Plant Sci 
24, 1-21. 
McLaughlin, S.B., Kszos, L.A., 2005. Development of switchgrass (Panicum virgatum) 
as a bioenergy feedstock in the United States. Biomass Bioenerg 28, 515-535.  
McBride A.C., Dale V.H., Baskaran L.M., Downing M.E., Eaton L.M., Efroymson R.A., 
Garten C.T., Kline K.L., Jager H.I., Mulholland P.J., Parish E.S., Schweizer P.E., 
Storey J.M. (2011) Indicators to support environmental sustainability of 




Tolbert, V.R., Todd, D.E., Mann, L.K., Jawdy, C.M., Mays, D.A., Malik, R., 
Bandaranayake, W., Houston, A., Tyler, D., Pettry, D.E., 2002. Changes in soil 
quality and below-ground carbon storage with conversion of traditional 
agricultural crop lands to bioenergy crop production. Environ Pollut 116, S97-
S106. 
USDA. “Panicum virgatum L.” PLANTS Database. 
http://plants.usda.gov/java/profile?symbol=PAVI2 
USEPA. (2010) Agricultural practices and forestry practices that sequester carbon and 
reduce other greenhouse gas emissions. 























EFFECTS OF CONTINUOUS SWITCHGRASS PRODUCTION ON 
SOIL ORGANIC CARBON STORAGE AND BULK DENSITY AND 
THE RELATIONSHIP OF DEPTH, PREVIOUS MANAGEMENT, 
SOIL TEXTURE, AND SOIL TAXONOMY ON SOC 





Switchgrass has emerged as a renewable and potential carbon sink fuel source. Therefore 
the need for a more thorough regional assessment of carbon storage precipitated the 
primary interest of this study. The study was conducted on twelve farms across East 
Tennessee. The 250 sampling points represented 350 acres of switchgrass. Seven 
previous different cropping systems, four soil textural classes, and four soil taxonomy 
classes are represented in this study. There was an increase in SOC of roughly 1 Mg ha
-1
 
from 2008 to 2011. No-till planting resulted in a significant increase in SOC compared to 




Currently in the United States, there is a potential to utilize 17 Mha of land for 
bioenergy production (Walsh et al., 2003). 6.8 Mha of the 17Mha are protected by the 
Conservation Reserve Program (CRP) (Walsh et al., 2003). Switchgrass, one of the most 
compelling bioenergy crops, is a very popular in the Southeastern United States because 
of its high yields, low production costs, economic benefits, and lack of competition from 
existing enterprises. These characteristics coupled with soil’s potential to store vast 
amounts of soil carbon has lead local governments and regional planning agencies to 
affect changes in land management in the form of biofuel production (USEPA, 2011). 
SOC is an important concern when evaluating the impact of switchgrass production on 
the environment. SOC has become a popular research topic due to the potential to 
mitigate global climate change through management practices, but questions remain on 
the nature and potential of SOC storage. Carbon sequestration in soils has been shown to 
improve soil productivity by increasing nutrients and water retention and reducing bulk 
density (Bransby et al., 1998). The purpose of this study is to determine how switchgrass 
production for biofuel feedstock impacts SOC storage and GHG contribution in East 
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Tennessee. With the emerging biofuel industry and the political push for new policy 
regarding GHG mitigation, many research gaps in the form of developing regional impact 
assessments of bioenergy production have come into sharper focus. This is of particular 
importance in the Southeastern United States because of the humid sub-tropical climate 
resulting in ideal conditions for switchgrass production as well as microbial degradation 
of SOC contributing to GHG emissions and SOC losses in disturbed management. The 
focus of the study is daily and seasonal observation of CO2 emissions from soils under 
switchgrass and pasture grasses as well as soil organic carbon storage in order to better 
understand the processes and interactions resulting from biofuel production. It will also 
assist in developing, as Follet (2010) suggests, a carbon footprint benchmark for local 
bioenergy operations.  
 The study was conducted on twelve farms across East Tennessee with 250 
sampling points. Each sampling point was sampled to four depths. The samples represent 
350 acres of switchgrass in East Tennessee. Seven historical cropping systems, four soil 
texture classes, and four soil taxonomy classes are represented in this study. The breadth 
of this study allowed for a more comprehensive observation of true field changes due to 
the establishment of switchgrass than can be observed in a simpler field plot or lab study. 
The objectives of measuring soil organic carbon were to 1) determine if and how 
i) depth, ii) previous management, iii) texture, and iv) taxonomy affected SOC storage. 
This study presents a novel opportunity to evaluate effects of previous cropping 
systems on SOC storage when converted to switchgrass. Additionally, in the longer term, 
this study presents the opportunity to measure CO2 flux throughout the year in 
11 
 
switchgrass production. This will allow for a more comprehensive evaluation of soil C 
dynamics under switchgrass grown for bioenergy feedstock in East Tennessee. 
Literature Review 
  
Using perennial grasses for both biofuel and as carbon sinks has demonstrated 
potential in restoring soil carbon and generating a domestic fuel source. In perennial grass 
systems, carbon is added to the soil through surface deposition from decaying above 
ground biomass and by root growth below the surface (Bransby et al., 1998). Switchgrass 




in the upper 100 cm of mid-western 
soils (Frank et al., 2004; Liebig et al., 2005; McLaughlin and Walsh, 1998). Liebig et al. 
(2005) found soil organic carbon increased in shallow depths (0-5cm) but more 
significantly in lower depths (30-90cm).McLaughlin and Kszoz (2005) used modeling to 




increase over 10 years on degraded soils. The modeling 




 over 10 years across the diverse Eastern United States with a 




 increase over 30 years (McLaughlin and 
Kszos, 2005).  Tolbert et al. (2002) also found SOC increased under switchgrass within 
the first 10 cm of soil in the Southeastern United States. Tolbert et al. (2002) and Post 
and Kwon (2000) also found former land use, growth characteristics, management 
practices, and physical and biological properties of the soil are the primary factors 
determining timing, depth and extent of SOC storage.  
It is difficult to measure the change in SOC resulting from growth characteristics 
versus management practices when moving from conventional agriculture to continuous 
switchgrass production. It is difficult because the reduced disturbance of the perennial 
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system and the development of the extensive root system that is a growth characteristic of 
switchgrass are both contributing to SOC storage simultaneously. Therefore we assume 
in the studies relating to changes in SOC when moving from conventional agriculture to 
switchgrass that the contributions are both growth characteristics and less invasive 
management. Ma et al. (2000) conducted a study to observe the short term (0-2 yr.) 
changes in SOC after switchgrass establishment. No significant increases in SOC 
occurred during the 2 year study (Ma et al. 2000). However, a study conducted in 
Northern Alabama by Tolbert et al. (2002) found significant increases in SOC in the 
upper 15cm within three years of conversion from traditional agriculture crops to 
switchgrass due to the change in management and the growth characteristics of the 
perennial system. 
One management practice that affects SOC storage is tillage. In general, tillage 
results in a rapid increase in soil respiration by introducing carbon from surface litter to 
microbes while increasing aeration. No-till and perennial systems have been touted as 
more sustainable alternatives to conventional tillage. Several studies have concluded that 
management practices eliminating or minimizing disturbances to soil result in significant 
increases in SOC storage (Causarano et al., 2006; Halvorson et al., 2002; Jones and 
Donnelly, 2004; Post and Kwon, 2000; Tolbert et al., 2002). The same results were found 
in studies performed across the United States and Canada where conventionally tilled and 
degraded land was converted to a perennial system (Blanco-Canqui, 2010; Bransby et al., 
1998; Franzluebbers, 2010; Lemus and Lal, 2005; Liebig et al., 2005; Tolbert et al., 2002; 











 addition in perennial systems. 
Bransby et al. (1997) found carbon sequestration resulted from root dynamics rather than 
above ground inputs explaining why Liebig et al. (2005) and Zan et al. (2001) found 
differences in SOC between switchgrass and conventionally cultivated cropland to be 
more prolific at deeper soils depths. Switchgrass appears to be effective at storing SOC at 
depths where carbon is less susceptible to mineralization in large part because it is a no-
till system. Zan et al. (1997) found switchgrass has four to five times more belowground 




. After reviewing several studies, 
Bransby et al. (1998) found switchgrass will provide net gains in C sequestration only if 
it replaces annual row crops or degraded land but not pasture. 
There are contradictory results between modeling SOC storage and actual field 
measurements regarding SOC storage increases due to N fertilization management 
practice. Halverson et al. (2002) observed the long term (12yrs) effects of N fertilizer on 
SOC and found no significant increase. Ma et al. (2000) found increasing N from 0 to 
112 kgN ha
-1
 and 224 kgN ha
-1
 increased shoot carbon storage but not root carbon storage 
thus not contributing to SOC. However, Jones and Donnely’s (2004) model indicated 
there would not be a significant sink of C without the application of N fertilizers. N-
fertilization generally results in an increase in biomass production, which one would 
assume would contribute to a great root biomass production resulting in greater 
belowground carbon storage. Therefore modeling assumes N-fertilization results in 
greater SOC storage. However the previous studies mentioned did not find N-fertilization 
to be a determining factor in SOC storage.  
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Location in relation to soil physical characteristics and climate are important 
factors affecting SOC storage. Climate, specifically precipitation and temperature, 
influences SOC storage (Jones and Donnelly, 2004). This relationship is an important 
consideration in the humid subtropical East Tennessee climate where the soils have very 
high clay content. SOC increased with increasing precipitation and clay content, but 
decreased with rise in temperature (Jobbagy and Jackson, 2000). Soil texture affects both 
amount and retention of SOC (McConkey et al., 2003). SOC is adsorbed more strongly 
on finer soil particles. Therefore fine-textured soils have higher SOC content than coarse 
textured soils with the same organic matter inputs. McConkey et al. (2003) found SOC 
increased 0.2 to 1.2% yr
-1
 in no-till systems depending on clay content. SOC additions 
also affect soil physical properties by decreasing bulk density allowing for better root 
penetration and SOC accumulation at lower depths (Lemus and Lal, 2005). 
Researchers argue that replacing fossil fuels with bioenergy will have the greatest 
effect on atmospheric CO2 when compared with C-sequestration because the cumulative 
effects of replacing fossil fuels is greater than the onetime benefit of C-sequestration 
(Adler et al., 2007; Bransby et al., 1998; Lemus and Lal, 2005; Tilman et al., 2006). In 
spite of these findings, there still remains a need for relevant local, regional, and national 






Materials and Methods 
Sampling Sites: 
 The sampling sites at each farm were chosen using an algorithm developed by 
Burton C. English. The algorithm generated points randomly with constraints of being 
inside the soil boundary by 8 meters and points are 30 meters from each other. At each 
point, soil samples were taken using a 30.5 centimeter two centimeter diameter soil core 
from a depth of 0 to 5 centimeters, 5 to 10 centimeters, 10 to 15 centimeters, and 15 to 30 
centimeters. The deep samples were taken using a Giddings hydraulic soil sampling truck 
in 30 centimeter increments from 30 to 60, 60 to 90, and 90 to 120 centimeter. 
 
Figure 1.1 Map of farm sites  
Soil samples for percent organic carbon were taken on farms growing switchgrass 
all across East Tennessee. The switchgrass on the farms was largely Alamo or Kanlow 
due to high yield potentials. The switchgrass was planted in 2007 except one farm was 
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planted in 2005. The switchgrass was managed according to UT Biofuels Initiative. The 
switchgrass was mowed once a year to a height of 16 to 25 centimeters after the first 
freeze of the year and receives the fertilizer recommendations seen below. 




Nitrogen Phosphate (P₂O₅) Potash (K₂O) 
Soil Test Levels 
(NT) L M H L M H 
1. Establishment Year 0 45 0 0 89 0 0 
2. Maintenance Year 67 45 0 0 89 0 0 
NT = Not Tested        L= Low      M= Medium   H= High 
 
There were more than 250 points where soil sampling was collected representing 
350 acres of switchgrass. The farms represent four soil taxonomy, Ultisols, Alfisols, 
Inceptisols, and Mollisols. The majority of soils were Ultisols. Four textural classes, 
loam, clay loam, silty clay loam, and silt loam were also represented in the study. Six 
cropping histories existed prior to switchgrass including corn, fallow, green beans, 
pasture, soybeans, switchgrass for wildlife habitat and wheat.  
Soil Organic Carbon: 
 The samples were air dried in a greenhouse and boxed and sent to UT Soil and 
Pest Center in Nashville, TN to determine soil organic carbon. Inorganic carbon was not 
considered in the analysis due to the dissolution during soil formation (Sparks et al., 
1996). Analysis of soil carbon involves the conversion of carbon in soils to carbon 
dioxide (CO2) by wet or dry combustion (Sparks et al., 1996). Dry combustion was used 
in this experiment. A sample of 5 to 10 mg was placed in a tin sample cup. The soil 
sample was heated to 1050
o
C in a furnace in a stream of helium (He) (Sparks et al., 
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1996). Flash combustion was induced by a pulse of O2 injected into the quartz reactor 
causing the tin to heat to 1700 to 1800
o
C combusting the soil sample releasing CO2 
(Sparks et al., 1996). The thermal conductivity of the gases was measured and the 




Over the lifetime of the study, bulk density soil samples were collected along 
with soil carbon samples. Soil bulk density for the shallow samples (0-30cm) was 
determined using core method according to Methods of Soil Analysis Part 4 – Physical 
Methods published by the Soil Science Society of America, Inc. Five centimeter cores 
were taken at 0 to 5 centimeter, 5 to 10 centimeter, 10 to 15 centimeter and 15 to 30 
centimeter depths for the shallow measurements. The five centimeter cores were 
transferred to the lab to determine bulk density. The length and diameter of the core were 
recorded to calculate core volume. The cores were then oven tried for 24 hours at 105
o
 
Celsius and the dry weights were determined (Dane et al., 2002). For each core, bulk 
density was determined and recorded as mass (g)/volume (cm
3
). The clod method was 
used for determining deep bulk densities. The deep samples of 30-60cm, 60-90cm, and 
90-120cm depth were taken using a soil probe truck. The nature of the probe truck 
excavation made the clod method preferable to all other bulk density measurements. 
Clods ranging from 100 to 200 milliliters were extracted and oven dried for 24 hours at 
105
o
 Celsius. The samples were determined on a dry weight basis. The clods were then 
coated in paraffin wax heated to 60
o
 Celsius (Dane et al., 2002). Care was taken to record 
the weight of the string used to suspend the soil in water and wax coating to account for 
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its contribution to the clod volume. The weight of the clod with paraffin wax suspended 
in water is equal to the clod volume once the volume of the wax has been removed. The 
bulk density was used to convert %SOC to bulk SOC (Mg/ha). 
Data Analysis: 
 The data was analyzed using SAS (SAS 9.2, Cary, NC) to find simple averages, 
and standard deviations. The study was an exploratory study so there was no 
experimental design. The data was analyzed using SAS ANOVA mixed models (SAS 
9.2, Cary, NC) to determine significant changes in SOC based on the factors of interest 
including historical crop, texture, depth, and taxonomy over the length of the study. 
Results and Discussion 
 
The overall system SOC change from 2008 to 2011 of this study was a significant 
1Mg/ha (Table 1.2). Several factors were analyzed based on their potential influence on 
short-term SOC storage. Those factors include 1) depth, 2) previous cropping 
management and location, 3) texture, and 4) taxonomy. Each factor will be addressed. 
Table 1.2 Annual mean SOC (Mg/ha) including ANOVA standard error, ANOVA 
means separation letter distinction, and number of observations for the given year 
Year SOC (Mg/ha) Error LSD (P<.05) # Observations 
2008 6.75 0.19 B 945 
2009 8.02 0.20 A 860 
2010 7.82 0.16 A 1057 




 The average SOC and standard deviation was determined using SAS ANOVA 
mixed models (SAS, Inc. Cary, NC) (Table 1.2). SOC significantly increased between 0.5 
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Mg/ha and 1.5 Mg/ha at 0 to 5, 5 to 10, 10 to 15, 15 to 30, and 60 to 90 cm between 2008 
and 2011 (Table 1.2). 
Table 1.3 Annual mean SOC (Mg/ha) by depth including ANOVA standard error, 
ANOVA means separation letter distinction, and number of observations for the 
given year and depth 
Depth 
  0-5cm 5-10cm 10-15cm 15-30cm 30-60cm 60-90cm 90-120cm 
SOC 2008 11.48 8.56 6.17 4.63 3.54 2.09 1.64 
STDEV 0.24 0.19 0.14 0.17 0.39 0.34 0.50 
COUNT 217 210 204 201 43 36 34 
LSD (P<.05) B C C C A B A 
SOC 2009 13.42 9.50 7.11 5.78 3.88 2.69 2.28 
STDEV 0.25 0.20 0.15 0.17 0.47 0.39 0.68 
COUNT 200 197 198 190 29 27 19 
LSD (P<.05) A A A A A AB A 
SOC 2010 12.78 9.17 6.61 5.05 4.30 2.93 2.71 
STDEV 0.23 0.18 0.13 0.15 0.43 0.35 0.51 
COUNT 238 241 239 237 35 34 33 
LSD (P<.05) A AB B BC A AB A 
SOC 2011 13.20 8.82 6.57 5.22 3.89 3.11 2.57 
STDEV 0.25 0.19 0.14 0.16 0.45 0.37 0.57 
COUNT 207 207 207 205 32 31 27 
LSD (P<.05) A BC BC B A A A 
 
 
 The results are in agreement with Tolbert et al. (2002) who observed a significant 
increase in SOC under switchgrass production in the Southeastern United States. The 
shallowest sampling depths 0 to 5 cm had the largest increase at roughly 1.5 Mg/ha and 
60 to 90 cm showed the second largest increase of 1 Mg/ha over the duration of the study. 
2) Tillage 
 No-till (NT) and conventional tillage (CT) practices were used to plant the 
switchgrass in this study. Therefore, it was of interest to determine if planting tillage 
techniques would affect SOC storage.  
20 
 
Table 1.4 Annual mean SOC (Mg/ha) by planting tillage including ANOVA 




 (Mg/ha) Error 
LSD  





CT 2008 7.95 0.32 B CT 2008 1.51 0.23 A 
CT 2009 9.10 0.40 A CT 2009 1.99 0.27 A 
CT 2010 8.17 0.29 AB CT 2010 1.92 0.24 A 
CT 2011 8.96 0.43 AB CT 2011 2.15 0.28 A 
NT 2008 7.83 0.27 B NT 2008 2.40 0.44 B 
NT 2009 9.30 0.29 A NT 2009 3.22 0.59 AB 
NT 2010 8.92 0.24 A NT 2010 3.64 0.40 A 
NT 2011 8.70 0.27 A NT 2011 3.43 0.39 AB 
 
 ANOVA mixed models was done to determine the effects of planting tillage 
practices on SOC storage over the duration of this study. Table 1.4 shows for CT there 
was a significant increase in SOC of 1.2 Mg/ha in the top 30 cm between 2008 and 2009, 
but was not significantly different in 2011. The NT planting showed a significant increase 
in SOC of roughly 1.5 Mg/ha in the top 30cm from 2008 to 2009 and it stayed 
significantly higher the duration of the study. CT systems showed no significant changes 
in SOC from 30 to 120cm. NT showed a significant increase between 2008 and 2010 
from 30 to 120 cm, but was not significantly different in 2011. The NT planting system 
had overall higher SOC in the deep sampling (30-120cm) compared to CT, and was very 
similar to CT in the shallow (0-30cm). 
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Table 1.5 ANOVA mean separation of SOC (Mg/ha) by planting tillage and 
taxonomy ANOVA means separation letter distinction including standard error 
 
Analysis was also done to compare tillage effect on SOC storage based on soil 
taxonomy. The alfisols significantly increased SOC in NT planting from 0 to 30cm 
(Table 1.5) between 2008 and 2011. The inceptisols significantly increased SOC in NT 
planting from 90 to 120 cm from 2008 to 2011 (Table 1.5). There was no conclusive 
evidence that in any or all soil taxonomies that no-till had more or less of an effect on 










CT 2008 Inceptisol 6.31 0.59 F CT 2008 Inceptisol 1.03 0.40 C
CT 2009 Inceptisol 7.75 0.59 DEF CT 2009 Inceptisol 2.32 0.44 AB
CT 2010 Inceptisol 7.90 0.51 DE CT 2010 Inceptisol 1.33 0.38 BC
CT 2011 Inceptisol 7.95 1.02 BCDEF CT 2011 Inceptisol 1.86 0.38 ABC
CT 2008 Mollisol 9.86 0.72 ABC
CT 2009 Mollisol 10.70 1.02 AB N O N E
CT 2011 Mollisol 10.57 0.72 A
CT 2008 Ulitsol 7.68 0.26 E CT 2008 Ulitsol 2.00 0.25 AB
CT 2009 Ulitsol 8.83 0.27 BCD CT 2009 Ulitsol 1.66 0.30 BC
CT 2010 Ulitsol 8.43 0.27 CD CT 2010 Ulitsol 2.51 0.29 A
CT 2011 Ulitsol 8.37 0.28 CDE CT 2011 Ulitsol 2.43 0.42 AB
NT 2008 Alfisol 6.15 0.68 G NT 2008 Alfisol 1.38 1.07 C
NT 2009 Alfisol 8.00 0.70 DEFG NT 2009 Alfisol 1.96 1.15 ABC
NT 2010 Alfisol 7.73 0.41 EF NT 2010 Alfisol 2.17 0.82 BC
NT 2011 Alfisol 8.14 0.68 DEF NT 2011 Alfisol 2.14 0.82 BC
NT 2008 Inceptisol 7.38 0.58 EFG NT 2008 Inceptisol 2.50 0.63 BC
NT 2009 Inceptisol 8.93 0.63 BCDEF NT 2009 Inceptisol 3.64 1.26 ABC
NT 2010 Inceptisol 8.17 0.59 DEF NT 2010 Inceptisol 4.55 0.76 A
NT 2011 Inceptisol 7.91 0.58 DEF NT 2011 Inceptisol 4.47 0.73 A
NT 2008 Mollisol 9.97 0.61 ABC
NT 2009 Mollisol 11.26 0.61 A N O N E
NT 2010 Mollisol 11.43 0.61 A
NT 2011 Mollisol 10.47 0.61 AB
NT 2008 Ulitsol 7.82 0.20 F NT 2008 Ulitsol 3.32 0.41 ABC
NT 2009 Ulitsol 9.03 0.20 CD NT 2009 Ulitsol 4.06 0.47 A
NT 2010 Ulitsol 8.35 0.17 E NT 2010 Ulitsol 4.21 0.43 A




2) Previous Cropping Systems and Location 
 
 Analysis was done to determine if crop type significantly affected SOC storage. 
Previous crop types green beans, soy and switchgrass showed significant increases in 
SOC from 2008 to 2011 (Table 1.6). There were no conclusive changes based on crop 
type between 2008 and 2011 in deep samples.  
Table 1.6 Annual mean SOC (Mg/ha) by previous cropping method including 
ANOVA standard error, ANOVA means separation letter distinction 
 
Further analysis was done comparing previous cropping systems effect on SOC 
storage. Tillage and taxonomy were included to determine if the coupled factors had 











Corn 2008 8.89 0.39 A 111 Corn 2008 2.47 0.57 A
Corn 2009 9.81 0.41 A 103
Corn 2010 9.38 0.40 A 109 Corn 2010 3.59 0.60 A
Corn 2011 9.81 0.39 A 112
Fallow 2008 7.33 0.78 A 47 Fallow 2008 1.62 0.33 A
Fallow 2009 8.13 0.81 A 47 Fallow 2009 1.62 0.35 A
Fallow 2010 8.22 0.77 A 46
Fallow 2011 7.65 0.77 A 48
Green beans 2008 6.04 0.27 B 32 Green bean 2008 2.50 0.87 A
Green beans 2009 7.97 0.34 A 24 Green bean 2009 3.64 1.73 A
Green beans 2010 7.63 0.19 A 24 Green bean 2010 4.55 1.04 A
Green beans 2011 7.87 0.30 A 115 Green bean 2011 4.47 1.00 A
Pasture 2008 9.97 1.55 AB 21 Pasture 2008 2.77 0.33 A
Pasture 2009 13.66 1.46 A 21 Pasture 2009 1.84 0.30 B
Pasture 2010 10.13 1.01 B 48 Pasture 2010 2.10 0.26 AB
Pasture 2011 9.89 0.97 B 56 Pasture 2011 2.52 0.27 AB
Soy 2008 7.72 0.37 B 602 Soy 2008 2.63 0.34 B
Soy 2009 9.07 0.38 A 573 Soy 2009 3.79 0.40 A
Soy 2010 9.10 0.38 A 620 Soy 2010 3.55 0.36 AB
Soy 2011 8.84 0.33 A 545 Soy 2011 3.17 0.36 AB
Switchgrass 2008 11.12 1.05 A 5
Switchgrass 2011 6.18 0.53 B 20
Wheat 2008 8.17 0.90 A 14
Wheat 2009 8.33 0.84 A 16
Wheat 2010 8.40 0.84 A 16




Table 1.7 ANOVA mean separation SOC (Mg/ha) by previous cropping method and 
planting tillage including ANOVA standard error, ANOVA means separation letter 
distinction 
 
Except in corn and soybeans, NT had higher SOC than CT (Table 1.7). There was 
a significant increase in SOC in NT corn from 2008 to 2011 in shallow soil (0-30cm). 
There was no significant increase in other cropping systems for either CT or NT from 
2008 to 2011. There was a significant increase in SOC from 2008 to 2010 in soy, but 
there was no significant difference between 2008 and 2011 (Table 1.7). There was a 
significant increase in SOC from 30 to 120 cm in NT soy between 2008 and 2011. These 
results show that reduced planting disturbance can increase SOC storage in some 
Crop Year Till SOC (Mg/ha) Error LSD (P<.05) Crop Year Tillage SOC Error LSD (P<0.05)
Corn 2008 CT 12.36 1.02 A
Corn 2009 CT 10.84 1.18 AB
Corn 2010 CT 11.25 1.06 AB
Corn 2011 CT 10.31 1.02 ABC
Corn 2008 NT 8.31 0.42 C
Corn 2009 NT 9.67 0.43 B
Corn 2010 NT 9.09 0.42 BC
Corn 2011 NT 9.73 0.42 B
Fallow 2008 CT 6.60 0.73 D
Fallow 2009 CT 6.90 0.76 BDE
Fallow 2010 CT 7.03 0.73 CDE
Fallow 2011 CT 6.81 0.73 ABCD
Fallow 2008 NT 8.05 1.17 ABCD
Fallow 2009 NT 9.36 1.17 AC
Fallow 2010 NT 9.40 1.15 AB
Fallow 2011 NT 8.50 1.15 ABCD
Pasture 2008 CT 6.66 1.51 C Pasture 2008 CT 1.82 0.41 B
Pasture 2009 CT 7.25 1.56 BC Pasture 2009 CT 1.68 0.37 B
Pasture 2010 CT 9.56 1.15 BC Pasture 2010 CT 1.71 0.37 B
Pasture 2011 CT 8.80 1.07 BC Pasture 2011 CT 2.43 0.41 AB
Pasture 2008 NT 13.27 2.70 AB Pasture 2008 NT 3.72 0.53 A
Pasture 2009 NT 20.08 2.46 A Pasture 2009 NT 2.00 0.46 B
Pasture 2010 NT 10.70 1.77 BC Pasture 2010 NT 2.49 0.35 AB
Pasture 2011 NT 10.97 1.63 BC Pasture 2011 NT 2.60 0.36 AB
Soy 2008 CT 7.69 0.40 C Soy 2008 CT 1.03 0.75 D
Soy 2009 CT 9.22 0.42 AB Soy 2009 CT 2.32 0.83 BCD
Soy 2010 CT 9.30 0.43 AB Soy 2010 CT 1.33 0.72 D
Soy 2011 CT 9.22 0.42 A Soy 2011 CT 1.86 0.72 CD
Soy 2008 NT 7.75 0.40 C Soy 2008 NT 2.99 0.36 BC
Soy 2009 NT 8.91 0.41 AB Soy 2009 NT 4.18 0.43 A
Soy 2010 NT 8.91 0.41 AB Soy 2010 NT 4.20 0.39 A





cropping systems within four years of establishment as compared to conventionally tilled 
planting. 
 The analysis based on taxonomy did not reveal any notable differences than the 
data already discussed (Appendix Table 1.13). These analyses reveal that crop type may 
influence the initial SOC content in soils due to inputs. Green beans, soybeans, and 
switchgrass showed to be more responsive to increases in SOC than others (Table 1.6). 
NT planting also reduced disturbance contributing to a significant increase in SOC in 
systems that were previously corn. 
 Location was also observed along with previous crop type to determine if any 
specific farm was causing the SOC changes by crop type to be misleading. Spatial 
variability of SOC storage was not an objective of this study, therefore will not be 
addressed. 
 Table 1.8 shows there were significant increases in SOC from 0 to 30 cm at farm 
9, 11, and 13. Farm 9’s previous management was soybeans, farm 11’s was corn, and 
farm 13’s was green beans. These results are in line with the results found from crop type 
indicating that location was not causing results by crop type to be misleading. 
 The data based on farm was also compared based on tillage and taxonomy. Most 
farms (except farm 4) received either all NT or CT planting therefore no meaningful 
relationship between farm and tillage could be determined. Also, no meaningful 





Table 1.8 Annual mean SOC (Mg/ha) by farm including ANOVA standard error, 
ANOVA means separation letter distinction 
 
Farm Year SOC (Mg/ha) Error LSD (P<0.05) Farm Year SOC (Mg/ha) Error LSD (P<0.05)
2 2008 8.58 0.92 A 4 2008 5.30 0.53 B
2 2009 10.19 0.89 A 4 2009 6.58 0.53 AB
2 2010 9.66 0.89 A 4 2010 6.84 0.52 A
2 2011 9.20 0.89 A 4 2011 5.52 0.57 AB
4 2008 9.03 0.36 A 5 2008 1.83 0.31 A
4 2009 9.77 0.37 A 5 2009 1.67 0.47 A
4 2010 9.72 0.30 A 5 2010 2.12 0.47 A
4 2011 8.95 0.33 A 5 2011 2.61 0.43 A
5 2008 4.79 0.45 B 8 2008 1.97 0.23 AB
5 2009 6.01 0.46 AB 8 2009 1.65 0.29 B
5 2010 6.32 0.27 A 8 2010 2.65 0.27 A
5 2011 5.84 0.44 AB 8 2011 2.43 0.38 AB
6 2008 7.53 0.68 B 9 2008 1.03 0.41 B
6 2009 9.52 0.72 A 9 2009 2.32 0.45 A
6 2010 7.92 0.68 AB 9 2010 1.33 0.39 AB
6 2011 7.95 0.68 AB 9 2011 1.86 0.39 AB
7 2008 6.60 0.72 A 12 2008 1.38 0.53 A
7 2009 6.90 0.76 A 12 2009 1.96 0.57 A
7 2010 7.03 0.73 A 12 2010 2.17 0.40 A
7 2011 6.81 0.72 A 12 2011 2.14 0.40 A
8 2008 9.51 1.06 A 13 2008 2.50 0.87 A
8 2009 9.04 1.16 A 13 2009 3.64 1.73 A
8 2010 10.30 0.96 A 13 2010 4.55 1.04 A
8 2011 9.56 0.92 A 13 2011 4.47 1.00 A
9 2008 7.09 0.48 B 15 2008 3.72 0.65 A
9 2009 8.63 0.48 A 15 2009 2.00 0.56 A
9 2010 8.22 0.48 AB 15 2010 2.49 0.43 A
9 2011 8.43 0.47 A 15 2011 2.60 0.44 A
10 2008 7.14 0.48 B
10 2009 8.26 0.48 AB
10 2010 8.72 0.48 A
10 2011 7.50 0.48 AB
11 2008 7.97 0.40 B
11 2009 9.31 0.41 A
11 2010 8.70 0.40 AB
11 2011 9.28 0.40 A
12 2008 6.24 0.95 A
12 2009 7.70 1.02 A
12 2010 8.12 0.98 A
12 2011 8.19 0.95 A
13 2008 6.04 0.27 B
13 2009 7.97 0.34 A
13 2010 7.63 0.19 A
13 2011 7.87 0.30 A
15 2008 13.27 2.97 AB
15 2009 20.08 2.71 A
15 2010 12.13 1.48 B





 Texture was analyzed for its effect on SOC storage. SOM content has been found 
to be positively correlated with soil clay concentration. The texture of the soils in this 
study was determined from the top 15 cm of soil. Soils can change dramatically in texture 
throughout the soil profile in East Tennessee; therefore texture analysis was only done for 
the top 15 cm. Table 1.9 shows that only the silty clay showed significant increase in 
SOC between 2008 and 2011. The loam texture soils showed a significant increase from 
2008 to 2009 and 2010, but 2011 was not significantly different from 2008. Although 
silty clay has the second highest clay content, our results did not follow the literature that 
has found SOM to be positively correlated with clay content. If the study was extended 
over a longer time frame, these results may be more apparent. However, McLauchlan 
(2006) found no correlation between SOC accumulation and clay content when 
determining the effects of soil texture on soil carbon after the cessation of agriculture. 
Table 1.9 Annual mean SOC (Mg/ha) by soil texture including ANOVA standard 
error, ANOVA means separation letter distinction 
0-15cm 
Texture Year SOC (Mg/ha) STD LSD (P<0.05) 
Clay Loam 2008 9.51 0.58 A 
Clay Loam 2009 10.20 0.58 A 
Clay Loam 2010 10.24 0.58 A 
Clay Loam 2011 10.29 0.58 A 
Silty Clay 2008 9.37 0.78 B 
Silty Clay  2009 11.81 0.81 A 
Silty Clay  2010 10.77 0.71 AB 
Silty Clay  2011 11.73 0.85 A 
Loam 2008 10.27 0.29 B 
Loam 2009 11.19 0.34 A 
Loam 2010 11.42 0.45 A 
Loam 2011 10.30 0.29 B 
Silt Loam 2008 7.93 0.60 B 
Silt Loam 2009 9.71 0.61 A 
Silt Loam 2010 9.26 0.39 AB 
Silt Loam 2011 8.58 0.63 AB 
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 Analysis of planting tillage combined with texture showed a significant increase 
in SOC from NT silty clay (Table 1.11). No other combination of texture and planting 
tillage developed a significant relationship between 2008 and 2011. A similar analysis 
combining soil taxonomies with texture showed significant increase in SOC in Ultisols 
for both the silt loam and the silty clay (Table 1.10). 
Table 1.10 ANOVA mean separation SOC (Mg/ha) by texture and taxonomy 
including ANOVA standard error, ANOVA means separation letter distinction 
 
Texture Year Taxonomy SOC (Mg/ha) Error LSD (P<0.05)
Silty Clay 2008 Alfisol 8.78 1.26 BC
Silty Clay 2009 Alfisol 10.96 1.33 ABC
Silty Clay 2010 Alfisol 10.78 1.16 ABC
Silty Clay 2011 Alfisol 12.15 1.30 AB
Silty Clay 2008 Inceptis 10.41 1.26 ABC
Silty Clay 2009 Inceptis 13.49 1.30 A
Silty Clay 2010 Inceptis 11.20 1.16 ABC
Silty Clay 2011 Inceptis 12.32 1.30 AB
Silty Clay 2008 Ulitsol 8.93 0.44 C
Silty Clay 2009 Ulitsol 10.98 0.46 B
Silty Clay 2010 Ulitsol 10.35 0.44 B
Silty Clay 2011 Ulitsol 10.71 0.56 B
Loam 2008 Mollisol 10.48 0.47 BCD
Loam 2009 Mollisol 11.69 0.55 AB
Loam 2010 Mollisol 12.30 0.75 A
Loam 2011 Mollisol 11.16 0.47 ABC
Loam 2008 Ulitsol 10.05 0.34 CD
Loam 2009 Ulitsol 10.69 0.37 ABC
Loam 2010 Ulitsol 10.53 0.40 BC
Loam 2011 Ulitsol 9.44 0.32 D
Silt Loam 2008 Alfisol 7.75 1.57 AB
Silt Loam 2009 Alfisol 10.02 1.81 AB
Silt Loam 2010 Alfisol 9.21 0.83 AB
Silt Loam 2011 Alfisol 7.92 1.70 AB
Silt Loam 2008 Inceptis 7.90 0.64 B
Silt Loam 2009 Inceptis 9.28 0.67 AB
Silt Loam 2010 Inceptis 8.98 0.57 AB
Silt Loam 2011 Inceptis 7.85 0.76 B
Silt Loam 2008 Ulitsol 8.14 0.45 B
Silt Loam 2009 Ulitsol 9.85 0.50 A
Silt Loam 2010 Ulitsol 9.60 0.36 A




Table 1.11 Annual mean SOC (Mg/ha) by planting tillage and texture including 




 Four taxonomic categories were measured in the study. The taxonomies were 
used to determine if one soil type may see more of an increase in SOC than another.  
Texture Year Till SOC (Mg/ha) Error LSD
Clay Loam 2008 CT 9.15 1.01 A
Clay Loam 2009 CT 10.66 1.01 A
Clay Loam 2010 CT 10.37 1.01 A
Clay Loam 2008 NT 9.87 0.59 A
Clay Loam 2009 NT 9.73 0.58 A
Clay Loam 2010 NT 10.11 0.58 A
Clay Loam 2011 NT 10.29 0.58 A
Silty Clay 2008 CT 9.68 1.17 AB
Silty Clay 2009 CT 12.33 1.20 A
Silty Clay 2010 CT 11.26 1.02 AB
Silty Clay 2011 CT 12.67 1.35 A
Silty Clay 2008 NT 9.07 0.55 B
Silty Clay 2009 NT 11.29 0.57 A
Silty Clay 2010 NT 10.29 0.54 AB
Silty Clay 2011 NT 10.78 0.54 A
Loam 2008 CT 10.67 0.43 ABC
Loam 2009 CT 11.50 0.52 A
Loam 2010 CT 11.43 0.75 AB
Loam 2011 CT 10.83 0.43 AB
Loam 2008 NT 9.87 0.37 BC
Loam 2009 NT 10.88 0.39 AB
Loam 2010 NT 11.41 0.39 A
Loam 2011 NT 9.77 0.35 C
Silt Loam 2008 CT 7.67 0.64 B
Silt Loam 2009 CT 9.48 0.66 A
Silt Loam 2010 CT 9.34 0.47 A
Silt Loam 2011 CT 8.55 0.70 AB
Silt Loam 2008 NT 8.18 0.65 AB
Silt Loam 2009 NT 9.95 0.66 A
Silt Loam 2010 NT 9.19 0.43 A




Table 1.12 Annual mean SOC (Mg/ha) by taxonomy including ANOVA standard 
error, ANOVA means separation letter distinction 
  
 Table 1. shows that Alfisols and Ultisols showed a significant increase in SOC 
between 2008 and 2011 (P<0.05). The ultisols in this study were present on all 12 farms 
and within all 6 crop types. The ultisols were the most represented soil taxonomy in the 
study and therefore reflect the overall system changes. Alfisols were represented by 2 
farms (12 and 13) and 2 crop types (soy and green beans). Both soy and green beans 
increased in SOC over the duration of this study therefore the increase in SOC may be a 
fact of the soil taxonomy, but also could be due to previous management.  
Final Conclusions 
  
  The soil systems in this study showed an overall increase in SOC by roughly 1 
Mg/ha from 2008 to 2011. Ultisols where the taxonomy showing the most significant 
changes in SOC over multiple factors and in overall analysis of roughly 0.5Mg/ha. 
Taxonomy Year SOC (Mg/ha) Error LSD (P<0.05)
Alfisol 2008 6.15 0.44 B
Alfisol 2009 8.00 0.45 A
Alfisol 2010 7.73 0.27 A
Alfisol 2011 8.14 0.44 A
Inceptisol 2008 6.83 0.35 B
Inceptisol 2009 8.27 0.36 A
Inceptisol 2010 8.01 0.32 A
Inceptisol 2011 7.92 0.43 AB
Mollisol 2008 9.92 0.31 B
Mollisol 2009 11.10 0.35 A
Mollisol 2010 11.43 0.41 A
Mollisol 2011 10.51 0.31 AB
Ultisol 2008 7.77 0.16 C
Ultisol 2009 8.95 0.17 A
Ultisol 2010 8.38 0.15 B
Ultisol 2011 8.30 0.16 B
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Soybeans, green beans, and switchgrass showed significant increases in SOC. Soybean 
was the most representative crop. Green beans and switchgrass were limited to one farm 
and therefore not as well represented by other contributing factors that were shown to 
effect SOC storage like planting tillage and .taxonomy. No-till planting of switchgrass 
resulted in a roughly 1 Mg/ha increase in SOC where convention till did not significantly 
change in the duration of the study. 
 It should be recommended to farmers to plant switchgrass using reduced till or 
no-till planting to increase SOC accumulation in the early establishment of switchgrass. 
Searchinger et al. (2008) found biofuels from switchgrass if grown on U.S. corn lands 
increase GHG emissions by 50%. Searching et al. (2008) pointed out, what are not often 
considered are the emissions from land use change. The no-till planting will reduce 
disturbance that occurs from land use change thus largely avoiding these losses Searching 
et al. (2008) found. This study’s objective to determine changes due to previous cropping, 
taxonomy, and texture can be strengthened in 2 ways. One way is that the study be a 
slightly longer study maybe samples taken in 5 years and then again in 10 years. This 
would allow for changes that may be slower to become apparent in the data. The other 
way is to make sure taxonomy and previous cropping is represented by at least 2 sites to 
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Table 1.13 ANOVA  mean separation of SOC (Mg/ha) by planting tillage and 























CT 2008 Inceptisol 6.31 0.59 F CT 2008 Inceptisol 1.03 0.40 C
CT 2009 Inceptisol 7.75 0.59 DEF CT 2009 Inceptisol 2.32 0.44 AB
CT 2010 Inceptisol 7.90 0.51 DE CT 2010 Inceptisol 1.33 0.38 BC
CT 2011 Inceptisol 7.95 1.02 BCDEF CT 2011 Inceptisol 1.86 0.38 ABC
CT 2008 Mollisol 9.86 0.72 ABC
CT 2009 Mollisol 10.70 1.02 AB N O N E
CT 2011 Mollisol 10.57 0.72 A
CT 2008 Ulitsol 7.68 0.26 E CT 2008 Ulitsol 2.00 0.25 AB
CT 2009 Ulitsol 8.83 0.27 BCD CT 2009 Ulitsol 1.66 0.30 BC
CT 2010 Ulitsol 8.43 0.27 CD CT 2010 Ulitsol 2.51 0.29 A
CT 2011 Ulitsol 8.37 0.28 CDE CT 2011 Ulitsol 2.43 0.42 AB
NT 2008 Alfisol 6.15 0.68 G NT 2008 Alfisol 1.38 1.07 C
NT 2009 Alfisol 8.00 0.70 DEFG NT 2009 Alfisol 1.96 1.15 ABC
NT 2010 Alfisol 7.73 0.41 EF NT 2010 Alfisol 2.17 0.82 BC
NT 2011 Alfisol 8.14 0.68 DEF NT 2011 Alfisol 2.14 0.82 BC
NT 2008 Inceptisol 7.38 0.58 EFG NT 2008 Inceptisol 2.50 0.63 BC
NT 2009 Inceptisol 8.93 0.63 BCDEF NT 2009 Inceptisol 3.64 1.26 ABC
NT 2010 Inceptisol 8.17 0.59 DEF NT 2010 Inceptisol 4.55 0.76 A
NT 2011 Inceptisol 7.91 0.58 DEF NT 2011 Inceptisol 4.47 0.73 A
NT 2008 Mollisol 9.97 0.61 ABC
NT 2009 Mollisol 11.26 0.61 A N O N E
NT 2010 Mollisol 11.43 0.61 A
NT 2011 Mollisol 10.47 0.61 AB
NT 2008 Ulitsol 7.82 0.20 F NT 2008 Ulitsol 3.32 0.41 ABC
NT 2009 Ulitsol 9.03 0.20 CD NT 2009 Ulitsol 4.06 0.47 A
NT 2010 Ulitsol 8.35 0.17 E NT 2010 Ulitsol 4.21 0.43 A




Table 1.14 ANOVA mean separation of SOC (Mg/ha) by previous cropping and 
taxonomy including ANOVA standard error, ANOVA means separation letter 
distinction 
 






Crop Year Tax Estimate Error Group Crop Year Texture SOC STD LSD (P<0.05)
Fallow 2008 Ulitsol 7.33 0.78 A
Fallow 2009 Ulitsol 8.13 0.81 A
Fallow 2010 Ulitsol 8.22 0.77 A
Fallow 2011 Ulitsol 7.65 0.77 A
Corn 2008 Ulitsol 8.89 0.39 A
Corn 2009 Ulitsol 9.81 0.41 A
Corn 2010 Ulitsol 9.38 0.40 A
Corn 2011 Ulitsol 9.81 0.39 A
Green beans 2008 Alfisol 6.05 0.39 B
Green beans 2009 Alfisol 8.26 0.39 A NONE
Green beans 2010 Alfisol 7.64 0.18 A
Green beans 2011 Alfisol 8.10 0.39 A
Green beans 2008 Inceptis 6.03 0.39 B
Green beans 2009 Inceptis 7.68 0.55 A
Green beans 2010 Inceptis 7.46 0.47 A
Green beans 2011 Inceptis 7.65 0.45 A
Green beans 2010 Ulitsol 7.79 0.27 A
Pasture 2010 Inceptis 8.69 1.87 B
Pasture 2011 Inceptis 9.03 1.80 B
Pasture 2008 Ulitsol 9.97 1.55 AB
Pasture 2009 Ulitsol 13.66 1.46 A
Pasture 2010 Ulitsol 11.56 1.10 AB
Pasture 2011 Ulitsol 10.74 0.97 AB
Soy 2008 Alfisol 6.84 1.02 DE Soy 2008 Alfisol 1.38 0.88 CD
Soy 2009 Alfisol 8.24 1.09 ABCDE Soy 2009 Alfisol 1.96 0.95 CD
Soy 2010 Alfisol 8.72 1.04 ABCDE Soy 2010 Alfisol 2.17 0.67 CD
Soy 2011 Alfisol 8.67 1.01 ABCDE Soy 2011 Alfisol 2.14 0.67 CD
Soy 2008 Inceptis 7.60 0.52 DE Soy 2008 Inceptis 1.03 0.70 D
Soy 2009 Inceptis 8.95 0.52 ABCD Soy 2009 Inceptis 2.32 0.78 CD
Soy 2010 Inceptis 8.76 0.51 BCD Soy 2010 Inceptis 1.33 0.67 D
Soy 2011 Inceptis 8.77 0.70 ABCDE Soy 2011 Inceptis 1.86 0.67 CD
Soy 2008 Mollisol 8.82 0.58 ABCD
Soy 2009 Mollisol 10.09 0.63 AB NONE
Soy 2010 Mollisol 10.50 0.71 A
Soy 2011 Mollisol 9.78 0.53 AB
Soy 2008 Ulitsol 7.61 0.28 E Soy 2008 Ulitsol 3.27 0.36 BC
Soy 2009 Ulitsol 8.99 0.28 BC Soy 2009 Ulitsol 4.65 0.44 A
Soy 2010 Ulitsol 8.44 0.28 CD Soy 2010 Ulitsol 5.05 0.43 A




































The objectives of this study were to1) measure and observe annual, seasonal, and daily 
soil CO2 flux from switchgrass produced for biofuel feedstock, and 2) compare this data 
with previous CO2 flux research from other cropping systems. Measurements were taken 
hourly from June 1, 2010 to August 18, 2011using LICOR LI-8100 long-term chambers. 
As hypothesized, soil temperature and moisture had a significant influence on CO2 flux 
variance. Soil temperature and soil moisture were able to explain 83% and 81.5% of 
variance in flux from clumps (cover) and between clumps (bare) respectively. The 
summer months exhibited the highest flux rate followed by spring, fall, and finally winter 
due to the favorable conditions for microbial metabolism in the warm summer months. 
Although largely overlooked in previous research, the winter months (mid Dec to mid 








) from clumps 








) from between clumps 
(bare). Annual switchgrass flux rate was 7.39 MgCO2 ha
-1






It is estimated that soils store twice as much carbon than is atmospherically 
present contributing to ten times greater carbon loss through soil respiration than 
anthropogenic carbon dioxide production annually (Dornbush and Raich, 2006). 
Therefore, even slight changes in management practices can have a significant impact on 
atmospheric CO2 as well as on the soil system. Soil respiration, on a global scale, is 
contributes an estimated 10 to 30 times more CO2 to the atmosphere than burning fossil 
fuels (Raich and Schlesinger, 1992). This estimate has precipitated an increased focus on 
research around the contribution of CO2 from crops to global climate change. Although 
bioenergy cropping systems have the potential to help offset GHG emissions, quantifying 
the offset is difficult due to the complexity of GHG measurements (Adler et al., 2007). 
Several scientists are beginning to facilitate the collection of data to help quantify the 
GHG emission offset potential of switchgrass. 
39 
 
During the past 250 years, global concentrations of carbon dioxide have increased 
by roughly 31% (IPCC, 2006). Fuel consumption, land-use conversions, agriculture 
practices are all factors contributing to this increase in GHG in the atmosphere (USEPA, 
2004). IPCC (2006) ranks land use change as the second largest cause of GHG emissions 
to the atmosphere. Agriculture in the United States contributed 460 TgCO2-eq to the 
atmosphere in 2001 (USEPA, 2004). This estimate includes the 15 TgCO2-eq offset from 
agriculture soil C-sequestration (USEPA, 2004). 
Literature Review 
 
Soil respiration in the form of CO2 is produced by roots, soil organisms and to a 
lesser degree the oxidation of carbon materials. CO2 moves in soil from sites of 
production to the atmosphere by diffusion through pores and crack in soil or by local 
changes in pressure due to wind or volumetric displacement by rain. Soil autotrophic 
respiration by roots depends on photosynthate supply and thus exhibits a strong diurnal 
pattern (Grahammer et al., 1991). Soil heterotrophic respiration by soil organisms results 
from the breakdown of cellulose, hemi-cellulose, proteins and lignin into low-molecular 
weight substances that are oxidized to CO2 to produce energy or cell growth. The rate of 
this breakdown is dependent on the quantity and quality of organic substances, efficiency 
and population of decomposer groups, and the soils physio-chemical state including soil 
temperature, moisture, oxygen, acidity, and redox potential (Venterea and Baker, 2008). 
Studies have attempted to partition total soil surface flux into heterotrophic and 
autotrophic respiration with varying results due to its complexity and expense (Bond-
Lamberty et al., 2004). Bond-Lamberty et al. (2004) found after reviewing literature from 
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54 forest sites that heterotrophic and autotrophic correlated with total soil surface CO2 
flux. They found plant type, measurement method, mean annual temperature, soil 
drainage, and leaf habit were not able to indicate soil surface CO2 flux where 
heterotrophic and autotrophic soil respiration correlate significantly (Bond-Lamberty et 
al., 2004). In this study, heterotrophic and autotrophic respiration was not partitioned and 
only total soil surface CO2 flux will be addressed.  
Root respiration and microbial metabolism resulting in CO2 production depend on 
both soil temperature and moisture content. Extensive research has concluded that soil 
respiration rates are positively correlated with atmospheric temperature (Dornbush and 
Raich, 2006; Raich and Schlesinger, 1992; Wang et al., 2008) and soil moisture (Bauer et 
al., 2008; Hernandez-Ramirez et al., 2009; Lee et al., 2007; Lloyd and Taylor, 1994; 
Raich and Potter, 1995; Sainju et al., 2010). Increased soil temperature and soil moisture 
produces favorable conditions for microbial activity, thus increasing soil respiration. 
Lloyd and Taylor (1994) specifically pointed out temperature sensitivity of soil 
respiration can be described by a relationship where there is an increase in activation 
energy with decreasing temperature. Boone et al. (1998) attributed this relationship to the 
sensitivity of oxidation of rhizosphere carbon and respiration by roots to temperature. 
Bauer et al. (2008) found temperature reduction functions in six different models resulted 
in 6 to 7 times greater sensitivity of soil respiration than moisture reductions. However 
soil moisture must be noted as an important factor controlling soil respiration. Sainju et 
al. (2010) found total soil CO2 flux averaged 29 to 50% greater on irrigated cropping 
systems versus un-irrigated cropping systems. Hernandez-Ramirez et al. (2009) found 
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similar results with the greatest soil CO2 flux occurring immediately after rainfall events 
in the summer months. Both temperature and moisture readings were collected with CO2 
flux readings in order to more comprehensively describe the environmental factors 
affecting flux in East Tennessee. 
Microbial metabolism is dependent on ample supply of nitrogen described by a 
C:N ratio between 25:1 and 40:1. The relationship between microbial metabolism and 
plant productivity with soil nitrogen would lead to the assumption that nitrogen 
application affects soil respiration. Several studies have observed the relationship of 
nitrogen fertilizer application and soil respiration. Raich and Schlesinger (1992) found 
that nitrogen fertilization did not increase CO2 flux from soils, but brought about varying 
results throughout the study. Hernandez-Ramirez et al. (2009) found no differences in 
CO2 flux from fields receiving N –fertilization and those not receiving N-fertilization. 
Sainju et al. (2010) found that N-fertilization actually reduced soil CO2 flux compared to 
no fertilization. Lee et al. (2007) found that manure application increased soil CO2 
production in switchgrass plots, but fertilization with NH4NO3 did not result in increased 
soil CO2 flux. The increased CO2 flux was attributed to the loss of carbon from the 
manure decomposition (Lee et al., 2007).  
One management practice that has been found to increase soil CO2 flux is tillage 
(Sainju et al., 2010). Tilling the soil increases aeration and exposes buried SOC to 
microbes leading to expedited decomposition of SOC releasing a burst CO2 into the 
atmosphere. No-till systems allow for the build-up of SOC in the soil profile by not 
exposing SOC to surface microbial activity where conditions are ideal for breakdown.  
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Findings indicate that vegetation type plays an important role in determining soil 
respiration rate (Raich and Tufekcioglu, 2000). Perennial vegetation has been shown to 
increase soil CO2 flux due to the increase in fine root production and increased SOC 
content from limiting disturbance (Raich and Tufekcioglu, 2000; Sainju et al., 2010). 
Raich and Tufekcioglu (2000) found that annual soil respiration rates correlated strongly 
with SOC and fine root biomass due to the increase in microbial activity with the ample 
supply of carbon near the soil surface.   
Modeling is a popular and potentially exceedingly useful method for determining 
long term GHG emissions from cropping systems. In a study done in Canada comparing 
diffusion modeling to in situ measurements to determine CO2 production in soils, Risk et 
al. (2008) found that soil gas diffusivity and its behavior across changing soil moisture 
content were significantly different in situ than in modeling. They point out the 
importance of in situ sampling of soil gas flux to develop accurate models for use in 
terrestrial carbon research across regions, soil types, and management practices (Risk et 
al., 2008).This fact along with the limited annual CO2 research on switchgrass in the 
Southeast, points out the importance of developing thorough analyses of soil carbon 
dynamics under switchgrass production. Field data can strengthen and calibrate models 
for all regions and potential biofuel feedstock to properly assess sustainability of the 
system. 
Largely research has focused on the growing season. Our study was conducted in 
an effort to answer the question of annual CO2 flux from switchgrass and compare this to 
other cropping systems.  
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Materials and Methods 
 
Study Site and Measurement Set-up 
The CO2 flux field experiment was conducted at the University of Tennessee 




 56’ W) from 
August 1, 2010 to November 10, 2010 and at the University of Tennessee Holston Dairy 
Farm also located in Knoxville, TN from November  18, 2010 to July 31, 2011. The 
original switchgrass plots at the UT Plant Science Experiment Station were planted in 
1992 (18 years old) and not consistently managed according to the University of 
Tennessee Extension recommendations. Therefore, the experiment was moved after the 
switchgrass was seasonally cut to the UT Holston Dairy Farm where the switchgrass of 
was planted in 2004 (5 years old) and managed according to UT Extension 
recommendations providing a representative study site that mimics the soil organic 
carbon storage portion of the study.  Knoxville is characterized by the humid subtropical 
climate zone. The hottest month is July with an average high of 32
o
C and an average low 
of 21
o
C. January is the coldest month with an average high of 8
o
C and an average low of 
-1
o
C. The average annual precipitation is 121.9cm.  
The switchgrass at the Holstein Unit (data November 10, 2010 – July 31, 2011) 
was managed according to the UT Extension recommendations (Table 1.1). Sixty seven 
kg ha
-1
 per year of nitrogen was applied to the switchgrass annually after the initial year 
of growth. The soil did not test low for potassium or phosphorus, therefore phosphate and 
potash were not applied. The switchgrass was harvested once a year at the beginning of 
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November. The grass was cut between 10 and 15 centimeters. The switchgrass was 
Alamo, a common high yielding switchgrass in East Tennessee. 
Soil Respiration Measurements 
Six LICOR LI-8100 long-term infrared CO2 flux chambers were placed in the 
switchgrass plots. Initially (June 1 to November 10, 2010) two chambers were placed on 
switchgrass crowns and one chamber was placed between rows on bare soil to represent 
soil conditions. After the chambers were moved, 3 chambers were placed on crowns. On 
December 9, 2010 three more chambers were added to the study and placed on bare soil 
in between rows.  The design represented the CO2 flux that would occur in switchgrass 
production by representing both the flux on top of crowns as well as flux from the bare 
soil between crowns. The system initially housed two control units and two multiplexers 
each supplied energy by a solar panel charging two marine batteries. One system was for 
the crowns (Cover) and one system was for between crowns (Bare). This set-up worked 
well in the summer when the solar radiation was high. In the winter, the solar radiation 
was low causing a greater draw on the batteries than could be resupplied by the solar 
panel power supply. The loss of power resulted in the loss of data several days 
throughout the months of December and January. To prevent the further loss of data, the 
systems were combined to one multiplexer and one control unit powered by two solar 
panels feeding six batteries. 
These chambers are designed to measure CO2 efflux from a continuous body of 
soil by covering an area of soil with a chamber and monitoring change in CO2 
concentration with time in the chamber head space. The LI8100 uses the rate of increase 
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of CO2 in the measurement chamber to estimate the rate CO2 diffuses into free air outside 
(LI-8100, LI-COR, Inc. Lincoln, NE). Conditions must be similar both inside and outside 
the chamber in order to get accurate readings. These conditions include concentration 
gradients that drive diffusion, barometric pressure, temperature, and moisture. CO2 
gradient has proven to be different inside and outside the chamber due to the decrease in 
CO2 by a mole fraction inside the chamber (LI-8100, LI-COR, Inc. Lincoln, NE). This is 
corrected for in the calculations the machine makes using an analytical technique. 
Limiting measurement times to 1.5 to 3 minutes keeps chamber CO2 concentration 
changes as small as possible (LI-8100, LI-COR, Inc. Lincoln, NE). 
 
Figure 2.1 LICOR LI-8100 System – (from left) EH2O Model EC-5 dielectric sensor 
and Omega T-handled Type E thermocouple, 8100-104 Long-term chamber, 8100 
multiplexer and analyzer control unit 
 
Total soil respiration was quantified in situ using long term LI-8100 (LI-8100, LI-
COR, Inc. Lincoln, NE) infrared gas analyzer and soil chambers. CO2 flux measurements 
were taken hourly. A multiplexor was used to allow for multiple chambers to run from 
one control unit. The multiplexor is capable of housing 8 chambers, but only 6 were 
employed in this study. The chamber system column is 4076.1cm
3
 with an exposed soil 
area of 317.8cm
2
. The dimension of the entire system is 48.3cm long by 38.1 cm wide by 
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33 cm high. The double gasket system sealed the chamber outside the soil collar and 
between the chamber and mounting plate to minimize CO2 leaks and wind effects (Healy 
et al., 1996). Healy et al. (1996) states that although gas transport in soils may be 
influenced by wind, fluxuating temperature and pressure, differences in gas densities, and 
infiltrating wetting fronts, diffusion is accepted as the dominant mechanism for that 
transport. The chamber head moves away from the measurement collar to minimize 
perturbations to the natural microclimate. PVC soil collars measuring 20.3cm in diameter 
were inserted into the soil so roughly 3 to 10 cm extend from the soil surface. The 
inserted columns reduce disturbance affects and allow for repeated measurements to be 
taken at one location. The soil temperature was measured using an Omega T-handled 
Type E thermocouple with 6.4mm diameter and 250mm immersion length inserted to a 
depth of 250mm. The soil moisture was measured using EH2O Model EC-5 dielectric 
sensor 5 cm long inserted to 5 cm.  For both cover and bare, soil collars were installed at 
3 to 5 cm below the soil surface to reduce lateral diffusion of CO2 in the soil column 
below the chamber, which can be a source of error in the measurement (Healy et al., 
1996). The vegetation in the chambers on each site was kept at a height 5cm to allow the 




Figure 2.2 Field system setup  
 The LI-8100 maximizes effective data collection using measurement protocols. 
The measurement protocol was programmed using a palm wirelessly connected to the 
control unit. Those protocols include Observation Length, Dead Band, Observation 
Delay, Purge Time, and Chamber Offset. The Observation Length is the time period 
when the chamber closes to just before the chamber opens. The recommended length is 
90 to 120 seconds to minimize the feedback effect that results from the rate of headspace 
concentration (Healy et al., 1996). This experiment’s Observation Length was 90 
seconds. The Dead Band is the time period that begins when the chamber closes and 
continues until steady mixing has been established. The recommended length is 10 to 60 
seconds, and this experiment’s Dead Band was 30 seconds. The Observation Delay is 
required when using a single chamber to allow the chamber air to return to ambient 
conditions before beginning the next observation cycle. To reduce variation between 
measurements in this experiment, the Observation Delay was set to zero. The Purge Time 
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was set to 45 seconds to allow the lines to clear of environmental factors such as water 
vapor that may influence CO2 readings. The Chamber Offset is the distance between the 
soil surface and the top of the soil collar minus the chamber base plate to the top of the 
collar. The program requires this input to accurately measure the total system volume 
based on the 20 centimeter soil collar that is used with the long term chambers. The total 
system volume is required to find the soil CO2 flux. The measurements were taken every 
hour every day from August 1, 2010 to December 9, 2010 then every 2 hours December 
9, 2010 to March 28, 2011 to reduce power consumption when solar radiation was low 
then back to every hour from March 29, 2011 to July 31, 2011. 
Particle Size 
The particle size was determined using laser diffractometry. The laser diffraction 
method (LDM) for determining soil particle size is becoming more widely used due to 
the speed with which soil samples can be run relative to the traditional sieve-pipette 
method. Laser diffract size analysis is based on the principle that particles of a given size 
will diffract light through a given angle, and the angle will increase with decreasing 
particle size. A beam on monochromatic light (laser λ = 750nm) is passed through a 
sample cell containing an upward moving suspension. The traditional and longtime 
accepted techniques for determining the particle size distribution are the sieve-pipette 
method (SPM) and the hydraulic method (HM). However, the laser diffraction method 
(LDM) for determining soil particle size is becoming more widely used due to the speed 
with which soil samples can be run relative to the traditional sieve-pipette method. In this 
experiment we used the laser diffraction technique to determine particle size.  
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Soil Chemical Properties 
All chemical analyses were done at The University of Tennessee Soil, Plant and 
Pest Center in Nashville, TN. The reported values for both the CO2 study are pH, cation 
exchange capacity (CEC), and percent SOC. The SOC was determined using the same 
technique discussed in Chapter I of this thesis. 
Soil pH tells more about the soil than if it is simply acidic or basic and is a very 
informative soil chemical property (Thomas 1996). Soil pH was determined using 
electrometric measurements. A 1:1 ratio of soil to deionized water was tested using a 
Dever Instruments pH meter calibrated using 7.00 pH and 4.00 pH buffer solutions (UT 
Soil, Plant, and Pest Center).  
The cation exchange capacity (CEC) was calculated using the formula by 
Clemson soil testing (UT Soil, Plant and Pest Center). The mineral extraction by UT Soil, 
Plant, and Pest Center was performed using Perkin-Elmer 5300 Dual View (DV) 
Inductively Coupled Plasma (ICP). In ICP, ionized Argon (Ar) gas is passed through a 
quartz torch located inside a copper coil connected to a radio frequency (RF) generator, 
producing ICP (Sparks et al., 1996). The mineral contents are then determined by the 








Table 2.1 Soil classification and chemical properties at CO2 measurement plots 
  Jun 1, 2010 - Nov 8, 2010 Nov 8, 2010 - May 31, 2011 
Depth 0-5cm 5-10cm 10-15cm 15-30cm 0-5cm 5-10cm 10-15cm 15-30cm 
Soil 
Classification 
Loam sandy clay 
pH 5.61 5.46 5.52 5.02 5.535 5.715 6.15 6.375 
CEC 
(meq/100g) 
10.20 9.36 8.96 8.95 7.85 7.57 8.85 8.75 
% Organic 
Carbon 
1.45 1.21 1.03 0.75 1.19 0.81 0.53 0.47 
Calculating Total Greenhouse Gas Production 
 Annual CO2 was determined for the study switchgrass plots. The cover 
represented 75% of the flux and the bare represented the other 25% based on the study 
plot. The daily flux averages were summed for the year to be compared with other 
cropping systems. 
Results and Discussion 
 Soil CO2 flux followed the hypothesis that the warmest months would experience 
the highest flux rates and the coldest months would experience the lowest flux rates. The 
data also showed that differences between days with relatively similar soil temperatures 
were a result of soil moisture differences. Largely lacking in current research is a 
complete year of data collection. In the warmer southern United States, where 
switchgrass has shown significant promise as a biofuel feedstock, there is a significant 
contribution of CO2 from soil in the winter months.  
 General observations of soil temperature showed that CO2 flux begins to increase 
between 10 to 15
o




. Soil moisture does not produce as 
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descriptive results; however there is generally lower CO2 flux when soil moisture is 
below 5%.  
Temperature and Moisture 
 
 Studies show that temperature effects CO2 flux rates (Lloyd and Taylor, 1994, 
Bauer et al., 2008, Dornbush and Raich, 2006). Lloyd and Taylor (1994) eloquently 
stated that the temperature sensitivity of soil respiration is described by a relationship 
where microbial activation energy increases with decreasing temperature.  
 Linear and polynomial regression analysis was done to compare CO2 flux with 
temperature and moisture (SAS, Inc. Cary, NC). Of all the regression models, the linear 
model for cover and bare was the most statistically important in explaining variance. 
However, the cubic model was better able to explain variation (Figure 2.3). A cubic 
regression model for CO2 flux under switchgrass crowns (cover) based on temperature 
explained 75% of the variation (P<.0001). The same model was used for soil between 
crowns (bare) and explained 68.8% of the variation (P<.0001). Bauer et al. (2008) used 
six soil carbon decomposition models to determine the sensitivity of soil respiration to 
temperature and moisture. They found that only up to 41% of the variation in CO2 flux 
could be explained by temperature (Bauer et al., 2008). They also found that under field 
conditions the sensitivity of CO2 flux to temperature was 6 to 7 times higher than soil 
moisture (Bauer et al., 2008). Dornbush and Raich (2006) found similar results to this 
study with 89% of a variation in soil respiration were explained by soil temperature.  
Contributions from moisture were small for both cover and bare explaining only 
6% and 9% respectively (P<.0001). Bauer et al. (2008) found similar results with 
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moisture only explaining 2% of variation in CO2 flux.  However, the addition of moisture 
with temperature in a cubic polynomial regression model increased the model’s ability to 
explain variance for both cover and bare to 82.7% and 81.5% respectively (P<.0001). 
Bauer et al. (2008) found that combining soil temperature and moisture also increased 
their model’s ability to explain variance. These results support the hypothesis that 
temperature and moisture drive CO2 flux due to the relationship of these factors with 
microbial activity.  
The differences between this study and the previous studies that have looked at 
soil temperature and soil moisture effects on CO2 flux are that previous research is 
largely limited to the growing season and one daily measurement or even one weekly 
measurement. Measuring hourly variations through the entire year, we were able to 
observe the overall annual CO2 flux from this system and how soil temperature and soil 
moisture contribute. 
 
Figure 2.3 CO2 flux relationship to soil temperature 
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R² = 0.7494 
Bare 



































Soil Temperature ( C ) 
Cover
Bare
P < 0.0001 
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Seasonal and DailyCO2 Flux 
 
 The lowest flux months were winter months December, January, and February. 
The highest flux months were June, July, and August. Overall annual flux was calculated 
by totaling the daily averages. This is an estimate seeing as how the daily flux is averaged 
over a 24 hour period, however it is much more accurate and descriptive than studies to 
date that look only at growing season and weekly flux measurements versus this study’s 
hourly annual flux measurements. March 15 to September 30 saw 91% of annual flux. 
Spring dated March 20 to June 20, summer June 21 to September 22, fall September 23 
to December 21, and winter December 22 to March 19. 
 
Figure 2.4 CO2 flux by season  
Daily CO2 flux peaked between 12:00 and 15:00. Daily CO2 flux exhibited 
greater variation in the summer than in the winter due to the more dramatic soil 
temperature changes in the summer than the winter. Daily CO2 flux also exhibited greater 




















































winter months (Figure 2.5). The results are attributed to the relationship of soil 
respiration to soil temperature are discussed above. The higher CO2 flux rates from cover 
sites can be explained by respiration from roots below the crowns and the ample supply 
of organic carbon from roots and above ground biomass inputs to soil microbial 
populations near the surface.  
 Grahammer et al. (1990) measured daily soil respiration to compare the day with 
the night. They made 20 observations over 18 days finding that soil respiration measured 
as CO2 flux was roughly 20% higher in the night than in the day (Grahammer et al., 
1990). They also found that diurnal variability was reduced under wetter conditions 
(Grahammer et al., 1990). The reduced variability was due to the reduced diurnal 
variability in soil temperature as well as the increase in night microbial activity with 
increase in soil moisture (Grahammer et al., 1990). Our measurements showed similar 
patterns. The daily diurnal variability in this study can be explained by the soil 
temperature differences from night to day. Our study was able to observe the daily 
variation of soil respiration in every season. Figure 2.5 was created to observe the diurnal 




Figure 2.5 Daily variations in CO2 flux  
 
Total annual CO2 Emissions 
 
Total annual GHG emission for this plot was determined to assess the systems 
contribution of CO2 to the atmosphere. In order to estimate the soil system’s CO2 
contributions, fertilizer inputs were included. For the sake of looking simply at the soil 
system itself, only inputs and outputs to the soil system were used to determine changes 
in soil carbon dynamics. Therefore this calculation does not include above ground 
carbon, root biomass, harvest, transportation, or processing. It includes fertilizer 
application because fertilizer application directly relates to plant productivity and thus the 
production of below ground carbon. It is also a nitrogen supply for microbial metabolism.  

















) for bare. If we assume 75% of the field is occupied by switchgrass crowns and 25% is 
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bare soil in between crowns, the total annual CO2 loss from switchgrass from August 18, 










Figure 2.6 CO2 Flux June 2010 – August 2011-including daily soil temperature, soil 
moisture and precipitation  
 
Annual Switchgrass CO2 Flux Compared to Other Systems 
EPA estimates that the average passenger vehicle travels 20120 km in the United 
















































































































) measured soil CO2 flux from this study. Maljanen et al. (2001) did a 
study in Finland observing the annual CO2 flux from pasture grass and barley in an 














 in both annual and perennial cropping systems in North Dakota. Hernandez-Ramirez 





The switchgrass annual flux rate was comparable to the pasture grass flux rate found by 
Maljanen et al. (2001). It was higher than the conventional corn and barley findings. The 
flux rates found by Sainju et al. (2010) were higher than other findings which they 
explain by possible more rapid mineralization of plant residue and soil organic C due to 
the coarse-textured soil (sandy loam). Our study is comparable to previous studies 
indicating CO2 flux from perennial systems can be higher than conventional annual 
cropping systems in the same location. It is important to note the findings from Chapter I 
where there was an increase in SOC in those soil systems producing switchgrass. Even 
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Study Limitations and Future Research 
 
 As biofuels continue to gain momentum as a gasoline alternative, feedstocks 
prices will begin to increase. Farmers will respond to the increase in higher prices by 
converting unused land (i.e. pastures and forests) into cropland (Searchinger et al., 2008). 
It is thought that this conversion will lead to an overall increase in GHG emissions 
negating the feedstock carbon uptake credit biofuels receive (Searchinger et al., 2008). 
This four year study sheds light on the initial effects of land conversion from any system 
be it natural pasture system or a well established cropland system to switchgrass managed 
for biofuel production.  
 The objectives of the experiment were 1) to measure annual CO2 respiration from 
soil under switchgrass; and 2) to use both the soil CO2 data and the below ground carbon 
storage data to better understand the soil carbon dynamics under bioenergy production. 
From the research for achieving our first objective, I was able to point out some factors 
that must be addressed when measuring changes in SOC. Although we did see a 
significant increase in SOC in this study, a longer term study on the same sites may allow 
us to see greater changes in SOC based on factors such as previous cropping method and 
texture. Four years may not be enough time to allow the system to equilibrate and begin 
to see the actual effects of the change in cropping system from conventional cropping 
with different soil characteristics to bioenergy production. 
 Scientists have found converting land from conventional agriculture to grasslands 
builds soil organic matter on a decadal time-scale rather than on annual time-scales 
(McLauchlan et al., 2006). Combining data found in this study with a study conducted on 
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the same area in 10 to15 years would be more thorough and conclusive in determining 
how those specific factors we observed affect SOC storage. Our research findings do 
confirm pervious research showing an increase in SOC. Since there was an increase in 
SOC within 4 years, it would be interesting to continue to monitor these same systems 
every 5 years to see the system changes over the lifetime of the switchgrass (15-20 + 
years).  
 The CO2 flux study presented research limitations using CO2 flux analyzing units. 
The major limitations faced in this study were power supply, vegetation cuttings, 
maintaining representative sampling, and initial access to representative switchgrass. 
When the project began there were ample healthy switchgrass sites, but many were too 
far to be easily accessible or safe to leave the sampling equipment. The sampling sites 
that were within a reasonable distance were being used for yield experiments, so we 
could not cut the switchgrass to fit our machines. Therefore we had to wait until 
November of 2010 (5 months after study initiation) for a healthy representative plot to 
become available. Due to the nature of the sampling equipment and the hearty growth 
characteristics of switchgrass, the clumps where CO2 was measured had to be cut weekly 
to allow the system to close. The weekly cuttings likely affected the growth of the 
switchgrass, but it could not be avoided in this study. It was also difficult to maintain 
representative sampling on the bare soil sites because during excessive rainfall events on 
already moist ground, water would pond in the collars for a few hours resulting in 
negative flux rates. The negative flux rates had to be removed from the data. There was 
also a loss of data in the winter due to power supply problems. Running the machines 
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hourly required more power than could be supplied by one solar panel and two marine 
batteries. The system had to be re-wired to support two solar panels and six marine 
batteries. These field limitations are important to point out to help researchers design 
better experiments in the future. 
 Switchgrass has emerged as a potential carbon sink fuel source. Future research 
should be focused on long term soil carbon storage and how previous management 
affects long term storage. Switchgrass research should also be focused on eliminating the 
use of fertilizers to further decrease the GHG emissions from biofuel production. 
Regional and national soil CO2 flux studies are still limited. Compiling regional annual 
soil CO2 flux research will allow a more accurate assessment of the carbon life cycle in 
soils used for bioenergy production. This combined research can also be used to 
strengthen soil CO2 flux modeling. Strengthening GHG models will result in more 
scientifically educated policy regarding land management and the development of 
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